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Root canal treatment is needed to prevent an infected tooth from being extracted. The 
infected pulp of the tooth is removed and the canal is cleaned and shaped. 
Ethylenediamine tetraacetic acid (EDTA) and sodium hypochlorite (NaOCl) are the 
commonly used irrigants in this process. EDTA is used to remove the smear layer in 
the root canal preparation and kill bacteria. NaOCl is used to dissolve the pulp tissue 
and destroy bacteria. 
 
In this study, the AFM was used to image the dentin surfaces and the nanoindenter 
was used to probe the mechanical properties of the teeth. It was found that after 
sample preparation, smear layers were formed on the dentin surfaces.  
 
The application of 17% EDTA for 5 minutes was effective in removing this smear 
layer. However the hardness and Young’s modulus decreased after the treatment for 
both the top and bottom surfaces of the dentin sample. The main reason was due to 
the demineralization of dentin caused by EDTA. Also, surface alterations might 
further influence the change in the mechanical properties. 
 
When 5.25% NaOCl was applied on the dentin surfaces for 1 hour, it was found that 
the smear layers were also removed. The hardness and Young’s modulus were found 
to be significantly decreased for both the top and bottom surfaces. The main reason 




also change its mechanical properties. The bottom surface which was closer to the 
pulp was also more affected than the top surface due to the increase in diameter of the 
tubules and tubules density. Finally, the reduction of mechanical properties of dentin 
was found to be only dependent on the distance from the pulp and not the planes of 
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CHAPTER 1 INTRODUCTION 
 
1.1 Background 
1.1.1 Root canal treatment 
Root canal treatment is necessary to remove infected nerves and blood vessels from 
the pulp chamber and root canals of the tooth. Professionally, it is called an 
endodontic treatment.  
 
There is a variety of reasons for the infection or inflammation of the nerves. Deep 
decay, repeated dental procedures on a tooth, a crack or chip in the tooth are all 
possible causes. Even though there are no visible chips or cracks, a fracture or injury 
to a tooth may also cause pulp damage.  
 
As a result, many people with root canal problems feel pain and a prolonged 
sensitivity to heat or cold. Other signs include tenderness to touch and chewing and 
discoloration of the tooth. There will also be swelling, drainage and tenderness in the 
lymph nodes as well as nearby bones and gingival tissues [1]. However, at times, 
there may be no symptoms.  
 
Root canal treatment can save the tooth from extraction. Endodontists will remove 
the inflamed or infected pulp, clean and shape the canal and fill and seal the space. A 
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more detailed procedure for the root canal treatment will be described later. About 
95% of root canals are successful and the pain does not return [2]. 
 
Two main chemicals used in the root canal treatment are ethylenediamine tetraacetic 
acid (EDTA) and sodium hypochlorite (NaOCl). EDTA is used to remove smear 
layer in the root canal preparation. NaOCl is a commonly used irrigant when 
performing endodontics. Thus, the effects of these agents on the mechanical 
properties of the tooth should be studied. 
 
1.1.2 Atomic force microscopy 
The atomic force microscope (AFM) is a widely used imaging tool because of its 
ability to give high resolution images in both air and liquid conditions. It is not 
surprising that many studies involving the imaging of various surfaces of the tooth 
structures such as dentin [3-5], enamel [6-9] and the dentin-enamel junction (DEJ) 




Nanoindentation is a relatively new technique that allows mechanical properties such 
as Young’s modulus and hardness of a material to be determined at the sub-micron 
scale. In the earlier stages, it has been used to study the mechanical properties of thin 
films and small micro-structural materials [12]. Although nanoindentations indent a 
very small depth (<1µm), the mechanical properties obtained are assumed to be 
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representative of the bulk material if it is homogeneous in nature. In recent years, 
there is an increasing trend of using the nanoindentation technique to study the 
properties of biological tissues such as bone [13, 14] and teeth [6, 10, 15-18]. 
 
1.2 Objectives 
The objectives of this project are to: 
1) Evaluate the effects of EDTA on the mechanical properties of dentin, and 
2) Evaluate the effects of NaOCl on the mechanical properties of dentin. 
 
1.3 Scope 
In order to fulfill these objectives, a number of things needed to be achieved. Sample 
preparation was needed to be done properly and this was achieved with the guidance 
and assistance of the staffs from the Faculty of Dentistry, National University of 
Singapore. Proper storage and handling of samples were also crucial prior to and 
during all stages of the tests. All imaging of the specimens were done using an atomic 
force microscope (AFM). The nanoindenter was used to find the mechanical 
properties, namely the Young’s modulus and hardness of the samples, before and 
after treatments. A statistical software, Minitab 14.2, was then used to compare the 






1.4 Organization of thesis 
In this thesis, chapter 2 starts with a brief introduction of the structure of teeth. 
However, the main focus is on dentin, and hence, its physical and chemical properties 
are discussed in greater detail. Then, some literature studies on the root canal 
treatment are presented. The working principles behind the AFM and nanoindenter 
and their applications are then discussed. Chapter 3 describes the experimental 
procedures, namely the sample preparation and the testing method. Chapter 4 
presents all the experimental results as well as the statistical results obtained from the 
experiments followed by the discussions on the effects of EDTA and NaOCl. Chapter 
5 provides the conclusion to this thesis and some recommendations in terms of future 
work is found in chapter 6. The thesis ends with appendices showing the derivations 
behind the theory on nanoindentation, the individual indentation data, various 

















CHAPTER 2 LITERATURE REVIEW 
 
2.1 Tooth Structure 
Humans have two sets of teeth, the baby teeth (or known as the primary teeth) and 
the permanent teeth (also known as the secondary teeth). Initially, children will 
have 20 primary teeth. However, as they grow older, the primary teeth are 
replaced by 32 permanent teeth. This section briefly describes the morphology of 












Figure 2-1: Anatomy of tooth [19] 
 
The part of the tooth that is visible in the mouth is called the crown. The size of 
the crown varies considerably according to age and also the conditions present in 




The root of the tooth is the portion that is not visible in the mouth. The number of 
roots can range from one to three. The portion of the tooth that is covered by the 
cementum is known as the anatomical root. 
 
The enamel is the tough, shiny and usually white outer surface of the tooth. 
Enamel is semi-translucent and the crown of healthy teeth appears yellowish-
white [20]. This is the colour of enamel that is being modified by the underlying 
dentin. The enamel on deciduous teeth appears much whiter as it is more opaque 
than the non-deciduous enamel. Enamel is the hardest tissue in the body [21]. 
Therefore, this property enables enamel to limit the amount of wear and is able to 
withstand heavy loads of mastication. Enamel has a low tensile strength and is 
considered to be brittle. However, it has a high modulus of elasticity and the 
possibility of fracture is minimized due to the flexible support of the underlying 
dentin. 
 
The dentin is the hard but porous tissue that is under the enamel and cementum of 
the tooth. Dentin is generally harder than bones but softer than enamel. As dentin 
is an important structure and the region specifically tested in this study, more of 
its physical properties and chemical composition is described in the next section. 
 
The pulp is the soft tissue found in the centre of the tooth. It contains blood 
vessels and nerves and provides nourishment to the dentin. Once infected or 
inflamed, root canal treatment might be performed to save the tooth. When this 
tissue is removed, the occupying space is called the pulp cavity. 
LITERATURE REVIEW 
7 
The cementum is a layer of tough, yellowish, bone-like tissue that is covering the 
root of the tooth. One of the main functions of the cementum is to help hold the 
tooth in the socket. 
 
The periodontal membrane is the fleshy like tissue that is between the tooth and 




2.2.1 Physical properties 
The colour of dentin is pale yellow. It gives the crown its colour since the enamel 
is semi-translucent. It is generally harder than bone and cementum but is softer 
and less brittle than enamel. Dentin also has greater compressive and tensile 
strength compared to enamel. The dentin is made up of intertubular dentin with 
tubules that are surrounded by peritubular dentin. Figure 2-2 shows an AFM 


















Kinney et al [17] found that the peritubular dentin is much harder than the 
intertubular dentin. Peritubular dentin is also known as peritubules. Due to the 
small size of the peritubules, all indentations done in this study are on the 
intertubular dentin.  
 
Dentin is readily permeable due to the presence of tubules. There are also 
differences in permeability which are reflected by the regional variations in the 
tubule size and density. 
 
2.2.2 Chemical composition 
The composition of dentin is approximately 70% inorganic material, 20% organic 
material and 10% water by weight. The same components comprise 47%, 32% 
and 21% by volume, respectively. The non-mineral component is much higher 
than in enamel. The main inorganic component in dentin is hydroxyapatite while 
the main organic component is Type I collagen. 
 
 
2.3 Root canal treatment 
Root canal treatment is performed to save an infected tooth from being extracted. 
Endodontists use root canal treatment to find the cause and treat problems of the 
tooth’s soft core or dental pulp. When the pulp is diseased or injured and cannot 
repair itself, it will die. The most common cause of pulp death is either a cracked 
tooth or a deep cavity. When either of these problems happens, germs or bacteria 
will enter the pulp and cause infection of the tooth. If left without any treatment, 
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pus will form at the tip of the root, in the jaw bone, forming a “pus-pocket” called 









Figure 2-3: Abscess at the root tip [22] 
 
An abscess can also cause serious damage to the bone around the teeth. If the 
infected pulp is not removed, pain and swelling will occur. Without any treatment, 
the tooth may have to be removed. To prevent this, a root canal treatment is 





















Step 1: Anesthesia is given to the patient. An 






Step 2: To determine the length of the roots, files are 






Step 3: The canals are then cleaned and shaped by 
using threadlike rotary instruments. Together with 






Step 4: A biologically compatible material called 







Step 5: A crown or other restoration is placed on the 
tooth to protect it and restore to full function. 
 
 
Figure 2-4: Root canal treatment procedures [22] 
 
If the tooth lacks sufficient structure to hold the restoration in place, a post may be 
needed to be placed inside the tooth.  
 
In Step 3 of Figure 2-4, irrigation is also used to remove the infected pulp.  
Copious amounts of irrigating solution should be used in cleaning and shaping of 
the root canal [23]. This serves to flush out debris, eliminate microorganisms and 
lubricate the root canal instruments. The irrigating solution used should have 
disinfecting and pulp tissue-dissolving properties. EDTA and NaOCl are the 
common irrigants used in the root canal treatment.  
 
EDTA is an irrigant commonly used by dentists to remove the smear layer at the 
end of the root canal preparation. The common concentrations used are 15-17% 
di-sodium EDTA [24]. O’Connell at el [25] reported that EDTA is usually applied 




Although smear layer removal remains controversial, there can be many benefits 
in removing this layer or organo-mineral [26]. Removal of the smear layer not 
only improves the seal of the root fillings, it also removes bacteria, toxins and 
remnant pulpal tissues that may be present in the smear layer [27].  
 
Past studies used different durations to apply EDTA to dentin [24, 28, 29]. Calt 
and Serper [28] studied the time-dependent effects of EDTA on dentin by 
irrigating dentin for 1 to 10 minutes while Nygaard-Ostby [29] applied EDTA for 
5 minutes. In this study, we will also apply EDTA to dentin for 5 minutes and get 
the images and mechanical properties. If possible, we will continue applying 
EDTA for another 5 minutes to see if there are any changes. 
 
NaOCl is also used commonly as an irrigant when performing endodontics and is 
taught in many schools in North America and Europe [30]. NaOCl irrigation is 
also widely practiced in Australia, Asia and other countries [27]. NaOCl is used in 
endodontics for two main purposes, which is to dissolve pulp tissue and to destroy 
bacteria [31, 32]. It is a very reactive and toxic compound.  
 
In endodontics, concentrations of 0.5% to 5.25% NaOCl are regularly used [27]. 
Although NaOCl is the most commonly employed root canal irrigant to date, there 
are no existing general agreement regarding its optimal concentration, which is 
0.5% to 5.25% [33]. It is observed that specialists were more likely to select a 
higher concentration than general practioners practicing endodontics, as 
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specialists might want a more thorough therapeutic effect or a shorter treatment 
time [27]. 
 
Berber et al [33] tested the efficacy of various concentrations of NaOCl with 
various instrumentation techniques to reduce the bacteria within root canals and 
dentinal tubules. The result suggested that 5.25% NaOCl has a greater 
antibacterial activity inside the dentinal tubules than the other concentrations 
used. Therefore in this study, we used 5.25% NaOCl with pH 11.  
 
 
2.4 Atomic Force Microscopy 
The AFM is probably the most versatile member of a family of microscopes 
known as the scanning probe microscopes (SPMs). Scanning probe microscopy 
began in the early 1980s when Binnig, Rohrer, Gerber and Weibel at IBM in 
Zurich, Switzerland, revolutionized microscopy through the invention of scanning 
tunneling microscope (STM) in 1982. The importance of this discovery was 
recognized through the Nobel Prize in Physics which was won by Binnig and 
Rohrer for this invention in 1986. 
 
Also, in 1986, as a collaboration between IBM and Stanford University, Binnig, 
Quate and Gerber developed the AFM [34]. The emphasis initially was mainly to 
improve the imaging resolution compared to the optical microscope and also to 
overcome the limitations of STMs, which was the inability to image non-
conducting samples.  
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The AFM has since then evolved into a useful tool not only for its atomic 
resolution topographic imaging capabilities, but also for its direct measurements 
of intermolecular forces with atomic resolution characterization. This can be 
employed in a broad spectrum of application such as electronics, semi-conductors, 
materials, manufacturing, polymers, biology and biomaterials.  
 
Also, the ability to give high resolution images in both air and liquid conditions, 
gives the AFM an advantage over certain other microscopes. In this study, the 
AFM is used for all imaging purposes. 
 
2.4.1 Working principle of AFM 
A typical AFM system consists of a micro-machined cantilever probe and sharp 
tip that is mounted on a piezoelectric actuator and a position sensitive photo 
detector. The AFM cum nanoindentation system used in this study comprises the 
Nanoscope IIIa controller (Digital Instruments, Santa Barbara, CA, USA) with the 
standard head interchangeable with a Triboscope indenter system (Hysitron Inc., 


















Figure 2-5: An AFM set-up 
 
A sharp tip at the free end of the cantilever is systematically scanned across the 
surface of the sample to generate a topographical image of the sample. The 
extension and retraction of a piezo ceramic crystal infers fine position control. As 
the tip tracks the surface of the sample, the forces between the tip and surface 
causes the cantilever to bend. Laser light from a solid state diode is reflected off 
the back of the cantilever and is collected by a position sensitive photo detector. 




















The detector consists of two closely spaced photodiodes whose output signal is 
collected by a differential amplifier. The angular displacement of the cantilever 
will result in one photodiode collecting more light than the other and this will 
produce and output signal which is proportional to the deflection of the cantilever. 
The amount of feedback signal, measured at each scanning point of a 2-D matrix, 
can be collected to form a 3-D reconstruction of the sample topography and 
usually displayed as an image. 
 
The AFM consists of an XYZ translator, cantilever with tip, deflection sensor and 
a control unit with image processing.  
 
There are 3 main imaging modes of the AFM. They are the contact mode, non-
contact mode and tapping mode. There are different advantages and disadvantages 
from these 3 modes and hence, different applications uses different imaging 





tapping mode is a hybrid of contact and non-contact modes where a vibrating 
cantilever is held above the sample surface as it scans. The tip intermittently 
comes into contact with the surface. The intermittent contact serves to reduce the 
lateral force incident on the sample, therefore reducing surface damage and tip 
contamination but still able to maintain high imaging resolution. This mode can 
be used in both ambient and liquid conditions which makes it suitable for this 
study. Other considerations for the tapping mode for this study include no lateral 
scrapping and faster scan speed than contact mode AFM. 
 
2.4.2 Atomic force microscopy of teeth 
There are many studies that used AFM to image biological materials like cells 
[37-41], proteins [42-45] and hard tissues like bones [46-48] and teeth [5-7, 16, 
49-55]. 
 
Lippert et al [7] investigated the effects of demineralization and remineralization 
cycles at human tooth enamel surfaces by AFM. He used the tapping mode to 
image the enamel at various stages of demineralization. 
 
Chng et al [55] used the AFM to compare the effects of 30% hydrogen peroxide 
on the dentin. The images obtained by the AFM shows distinct differences in 




Ho et al [56] also used the AFM to investigate the effect of sample preparation 
technique on determination of structure and nanomechanical properties of human 
cementum hard tissue.  
 
These studies are examples to illustrate that AFM is a very powerful tool in 
studies that require the imaging of teeth. The AFM is able to image almost any 
part of the teeth with such high resolution that we are able to see if there are any 
changes in the microstructure or roughness of the surface. As such, the AFM is 





2.5   Nanoindentation 
 
There is always a need to obtain the mechanical properties of materials with 
spatial resolution in the nanometer range. Techniques like impact testing and even 
microindentation are not able to achieve such standard. Thus, this has sparked a 
surge of interest in the field of nanoindentation. With nanoindentation, we can 
locate exactly where we need to indent in the nanometer range. This is especially 
useful if we need to extract the mechanical properties of nanostructured materials 
or small non-homogeneous materials. Figure 2-7 shows a Hysitron nanoindenter 















Figure 2-7: A Hysitron nanoindenter 
 
The nanoindenter comprises a load-sensing piezoelectric transducer, a 
displacement sensing unit, a x-y translator stage and an indenter tip. Figure 2-8 






























There are a lot of tips that can be used for indentations. The geometry of the tip 
can be blunt or sharp. The spherical tip is an example of a blunt indenter while 
sharp indenters include the Berkovich, Knoop and Vickers tips. The use of these 
tips varies with applications. However, the diamond Berkovich tip is most 
commonly used to scan and indent samples. Figure 2-9 shows a Berkovich tip that 










Figure 2-9: A Berkovich tip [57] 
 
Although the Berkovich tip can be used to scan the topography of the sample, a 
nanoindenter is rarely used for imaging purposes solely. The resolution of the 
images obtained is not as high as the AFM. This is because the tip radius of the 
Berkovich tip is 10 times more than the AFM tip. Therefore, the images obtained 
during scanning here are used mainly to locate a suitable and relatively flat 
position for indentations to be carried out. For higher resolution images, an AFM 




The earlier nanoindentation systems made use of optical microscope to image the 
sample before indentation. Recently, most nanoindentation systems incorporate an 
AFM module.  
 
Due to the high resolution of displacement and small force involved in 
nanoindentation tests, it is crucial that inaccuracies arising from environmental 
factors such as temperature changes, noise and vibrations are minimized [58]. 
Placing the equipment on a vibration isolation table as well as housing the 
equipment in an environmental isolation enclosure helps. Certain softwares are 
also able to provide corrections to compensate for the thermal drift. 
 
Sample preparation is also very important. For proper preparation, the roughness 
of the surface that will be indented on must be less than one-tenth of the 
maximum indent depth. Therefore, a relatively smooth site is needed for 
indentation. Furthermore if the sample is placed on a substrate, the indentation 
must not be more than one-tenth of the height of the sample. Otherwise, the 
mechanical properties of the supporting substrate might come into effect and the 
readings will not be accurate.  
 
Also, most nanoindenters are able to conduct tests on the sample in both and wet 
conditions. This is particularly useful especially for samples that need constant 





2.5.1 Working principle of nanoindenter 
During indentation, a curve describing the relationship between the load W and 
the displacement h is continuously monitored and recorded. Using the method 
described by Oliver and Pharr [59], the mechanical properties of the material can 
be derived through the analysis of the load-displacement data during the loading-
unloading indentation cycle. At peak load, the load and the displacement are Wmax 
and hmax, respectively. Figure 2-10 shows a schematic representation of the 
loading-unloading curve and some of the quantities that are used in the calculation 
of hardness and Young’s modulus. Figure 2-11 shows a schematic representation 
























Figure 2-11: Schematic representation of a section through an indentation 
 
The total indentation depth measured, h, is the summation of hs, which is the 
displacement due to elastic deformation and hc, which is the contact depth or the 
depth of the indenter in contact with the sample under load. The final depth, hf is 
the depth when the indenter is fully withdrawn.  
 
2.5.1.1 Hardness 
The hardness is derived from the applied load divided by the projected area of the 
indentation.  Using the method described by Oliver and Pharr [59] earlier, the 
hardness is given by the equation (2.1), 
A
WH max=               (2.1) 
where Wmax is the maximum applied load and A is the area function. The hardness 
can be change accordingly to the area function input. Therefore, the tip must be 
frequently calibrated against the standard fused quartz for more accurate results. 






2.5.1.2 Young’s modulus 
The Young’s modulus is derived by using the initial slope of the unloading curve 
(dW/dh) where it is assumed to be the elastic displacement of the specimen. 
Similarly, using the method of Oliver and Pharr [59], the Young’s modulus of the 






π=        (2.2) 
where dW/dh is the slope of the unloading curve at maximum load or also known 
as the stiffness, S. A detailed derivation of the Young’s modulus is shown in 
Appendix B. 
 
2.5.2 Nanoindentation of teeth 
Nanoindentation technique has been widely applied for metals. However, there is 
an increasing use of the technique to determine the properties of biological 
materials like bones [13, 14] and teeth [6, 10, 15-17, 60]. Before nanoindentation 
testing, researchers had to resort to micro testing. This posed an obvious problem, 
especially in the determination of dentin hardness and modulus, because the 
indentations are considerably large. As a result, the microindenter could only 
provide a composite average and could not separate the effects on dentin 
properties that are due to morphology and those due to composition. For example, 
using a microindenter, Pashley et al [61] suggested that the decrease in hardness 
on approaching the pulp can be attributed to the increase in the number of tubules. 
However, Kinney et al [17], using the nanoindenter, found that the decrease can 
be attributed to the changes in hardness of the intertubular dentin itself and not 
LITERATURE REVIEW 
25 
due to the number of tubules. This proves that the nanoindenter is a very powerful 
tool in the characterizing the mechanical properties of materials, especially those 
that have variations on a small scale.  
 
Therefore, the nanoindentation technique is applied to test different parts of the 
tooth. Some studies attempt to characterize enamel by determining its mechanical 
properties [6, 7, 15, 16, 18]. Cuy et al [15] used nanoindentation to investigate the 
mechanical properties of enamel over the axial cross-section of a maxillary 
second molar. Lippert et al [7] investigated the possible rehardening of surface 
softened enamel in two separate experiments. Habelitz et al [62] studied the 
mechanical properties of single enamel rods at different orientations at the cusps 
area.  
 
Although a lot of studies have used nanoindentation, due to the difficulty in 
performing these experiments, a wide range of values for hardness and Young’s 
modulus are reported. Habelitz et al [16], for example reported a value of 74 to 80 
GPa for Young’s modulus and 3.2 to 3.7 GPa for hardness. However, Cuy et al 
[15], reported values of 66.2 to 91.1 GPa for Young’s modulus and 3.4 to 4.6 GPa 
for hardness. 
 
Similarly, nanoindentation is also the preferred technique for the characterization 
of nanomechanical properties of dentin. Since dentin consists of the peritubular 
and intertubular dentin, the indenter tip is small enough to indent on each 
individual part. Thus both the peritubular dentin and intertubular dentin can be 
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characterized separately. In the study by Kinney et al [17],  the hardness of the 
peritubular dentin is found to be about 2.45 GPa and its Young’s modulus about 
29.8 GPa and are independent of location. For intertubular dentin however, the 
hardness and Young’s modulus is lower nearer to the pulp than compared to those 
nearer to the DEJ. The value for hardness has a range of 0.15 to 0.51 GPa and 
Young’s modulus of 17.7 to 21.1 GPa. Angker et al [63, 64] used nanoindentation 
to study the mechanical properties of carious dentin. There are also other studies 
done on dentin using the nanoindentation technique. 
 
Other important studies used this technique as a tool to compare the mechanical 
properties of dentin before and after exposing them to various agents, drinks as 
well as storage medium. 
 
Hairul Nizam et al [60] and Chng et al [55] evaluated the effect of 30% hydrogen 
peroxide, a bleaching agent on the nanomechanical properties of teeth. Popular 
studies like finding the effects of various drinks also used this technique. Finke et 
al [6] studied the in situ hardness changes of polished human enamel surfaces 
after the exposure to three different drinks. Mahoney et al [65] also did a similar 
study to determine the change in hardness and modulus of elasticity of both 
enamel and dentin in primary teeth after exposure to potentially erosive 
beverages.  
 
A very useful study is done by Habelitz et al [16] to find the effects of storage 
medium on the mechanical properties of enamel and dentin. The samples are 
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placed in three storage mediums which are deionized water, calcium chloride 
buffered solution and Hank’s balanced salt solution (HBSS). The nanoindentation 
study showed that storing teeth in deionized water or calcium chloride solution 
resulted in a large decrease in elastic modulus and hardness. After 1 day, there 
was a decrease in the mechanical properties values of up to 20% and 30% for 
enamel and dentin, respectively. After 1 week, the mechanical properties dropped 
to below 50% of their starting values. The main reason for the drop was due to the 
demineralization process during storage. However, storing the teeth in HBSS did 
not significantly alter the mechanical properties for a time interval of 2 weeks and 
hence it is recommended that the teeth are stored in HBSS. Figure 2-12 shows the 































Figure 2-12: Variation of elastic modulus and hardness values over time in enamel 
and dentin when exposed to deionized water, calcium chloride buffered solution 
and HBSS [16]. 
 
 
Following this important study, all the teeth used in this experiment were stored in 
HBSS when not subjected to any test. This was to make sure that any changes in 
the mechanical properties detected would be due solely to the effects of the agents 





Besides enamel and dentin, there were also studies done using the nanoindentation 
technique on the DEJ. Urabe et al [66] used nanoindentation test to determine the 
hardness and Young’s modulus from the deep enamel to the superficial dentin of 
human teeth. Similarly, Marshall et al [10] sought to characterize the 
nanomechanical properties of the DEJ using the same technique. Figure 2-13 
shows the hardness and elastic modulus determined from the indentations at 











Figure 2-13: Elastic modulus (GPa) and hardness (GPa) against distance (mm) 
plot and the location of indentations on the AFM scan of the DEJ [10]. 
 
 
From both studies, nanoindentation has been able to demonstrate that the hardness 
and elastic modulus rose steadily across the DEJ from bulk dentin to enamel.  
 
For all these studies, it is observed that a wide range of values for the mechanical 





different mechanical properties. Variables like age, mouth conditions and certain 
diseases can affect the mechanical properties of teeth. As we have discussed 
earlier, even storage medium plays a part. Furthermore, due to the small size of 
the samples, nanoindentation tests are quite difficult to perform. Preparation and 
handling are difficult and time consuming. Since there is no standard protocol on 
the preparation of teeth, different methods of preparation may yield different 
roughness which can affect the result as well. 
 
In this study the mean values of the mechanical properties before and after 
treatments with the agents were used to compare the effects on dentin. Therefore 
the main concern was with the changes in the mechanical properties rather than 
the absolute values. 
 
It is also known that teeth exhibit creep properties [67, 68]. This information is 
essential in designing a proper test. In a study by Kinney et al [69], a loading of 
400 to 700 µN was applied to the sample. The maximum force was held constant 
for an unspecified brief period of time before it was decreased linearly back to 
zero. The holding period was necessary because the presence of creep can 
dramatically affect the unloading curve. This would cause a ‘nose’-like effect to 














Figure 2-14: ‘Nose’-like effect due to creep 
 
As the calculation for Young’s modulus involves the gradient of the unloading 
curve, this will lead to inaccurate values. In extreme cases, the Young’s modulus 
will be negative. From this, it can be concluded that it is necessary to include a 
holding period at the maximum load, after loading and before unloading, in the 
test procedures. The load against displacement curve will be similar to the one 




























CHAPTER 3 EXPERIMENTAL DETAILS 
 
3.1 Sample Preparation 
3.1.1 Selection of teeth 
The dentin samples were harvested from human premolars extracted for 
orthodontic reasons. The teeth were firstly autoclaved. Then the autoclaved teeth 
were decoronated and the cementum were carefully scrapped off the surfaces of 
the root. They were placed in Hank’s balanced salt solution until they were ready 
to be prepared for testing. 
 
3.1.2 Preparation of tooth 
Each tooth was then cut with a calcified tissue microtome. This equipment is 
equipped with a micrometer table that controls the blade traverse and also a mount 










Figure 3-1: Microtome used for sample preparation 
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The cuts were made using a water cooled diamond blade of dimensions 7.8cm by 
0.15mm (Buehler, USA). The root was cut longitudinally, on the mesial, lingual, 
distal and buccal aspects of the root canal. The first 150 micron of dentin of the 
root canal wall was eliminated and then another cut was made at 140 microns 
radially from the root canal space, leaving sections of about 140 microns thick. 
Therefore each section had a surface which was about 150 microns from the root 
canal and the other surface was about 290 microns from the root canal. The 
surface that was further away from the root canal is referred as the top surface and 
the surface nearer to the root canal is referred as the bottom surface in this study, 
for simplicity.  
 
Further cuts were made such that the final overall dimension of each dentin piece 
was about 3mm by 4mm by 0.14mm. The final steps required gradual polishing. 
The dentin pieces were gently hand polished using 2500 grit and a final 4000 grit 
alumina oxide coated paper. This is to ensure a smooth surface exists for the 
nanoindentation tests. Figure 3-2 shows the top view of the schematic drawing of 


















A small mark was made using a red marker at the top surface of each sample. This 
was made to enable us to know which side is nearer to the pulp (bottom) and 
which side is further away (top) during imaging and nanoindentation tests. The 
samples are then placed in Hank’s balanced salt solution.  
 
 
3.2 Sample Testing 
Prior to testing, a line was drawn using a pencil in the midline section of the 
samples. The samples were then fixed on individual glass slides using a double-
sided tape at one end until the midline for stability. To level the height of the other 
end of the sample, a normal tape with approximately the same thickness was 
placed underneath the sample. The top of the sample was exposed first. Figure 3-3 














sided tape Normal 




All samples were mounted as such prior to testing. The area that was tested on is 
the one marked as “X” in Figure 3-3. 2 AFM images using tapping mode were 
taken near the location. Then, the sample is flipped over to image the bottom part 
of the sample. Similarly, 2 AFM images were taken. 
 
The AFM scanner head was then replaced with the Triboscope indenter system. 
The Berkovich tip was used in this study as it is one of the commonly used tips 
and worked well in this study. The tip which was previously calibrated with fused 
quartz, was used for imaging to select a suitable location before indentation. 10 
indentations were done at location near and around “X”. The baseline values for 
hardness and Young’s modulus were automatically recorded. This baseline values 
will give us the mechanical properties for dentin at the bottom of the sample. 
Next, the sample was flipped over again. 10 indentations were done to extract its 
mechanical properties at the top of the sample.  
 
The above steps give us the basic idea on how the samples were imaged and 
indented. For the first experiment, after the above steps, the sample was soaked 
for 5 minutes with EDTA. The sample was then flushed with distilled water. The 
experimental procedure was repeated to collect the images of the dentin as well as 
the mechanical properties after treatment.  
 
Initially, the sample was supposed to be soaked in the EDTA again for 5 minutes 
to see whether there were any changes in the microstructure of the dentin or 
EXPERIMENTAL DETAILS 
36 
mechanical properties. However, this was not possible as the sample broke into 
pieces after the second treatment. As such, the data collected was only for one 
treatment of EDTA.  
 
The loading function for this study is shown in Figure 3-4. This loading function 
was chosen after several trial and error tests and it is quite similar with the study 
done by Kinney et al [69]. 
 
 




With this loading function, the load was raised from 0 to 500 µN in 10 seconds. 
At this maximum load, the load was held for 10 seconds to eliminate the effects of 
creep. Finally, the load was decreased back to 0 µN in 10 seconds.  
 
After all the data have been collected, the mean values for baseline hardness and 
Young’s modulus were computed and compared with the mean values for 
hardness and Young’s modulus after treatment with EDTA. 
 
To find out the effects of NaOCl, we perform the tests similar to the one used 
above. We first image the top and bottom surface of the sample. Then, we used 
the nanoindenter to indent on the bottom and flipped over to the top to get the 
baseline values for both hardness and Young’s modulus for the sample.  
 
The sample was then removed and soaked in NaOCl for one hour. The samples 
were then flushed with distilled water. The same steps were repeated to image and 
indent the samples again to find the effects of NaOCl on dentin. The tests were 
done on all 4 samples and the same loading functions were used. 
 
Using the Minitab 14.2, paired-sample t-tests were done to determine any changes 
in the hardness and Young’s modulus before and after treatment with NaOCl. All 
tests were subjected to a 0.05 level of confidence.   
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CHAPTER 4 RESULTS AND DISCUSSION 
 
4.1 Results on the effects of EDTA 
4.1.1 AFM images 
Figure 4-1 shows an AFM scan of dentin at the top while Figure 4-2 shows the 
bottom of the sample before any treatment with EDTA. This is the typical image 
obtained at various locations at the top and bottom surfaces of the sample.  
 















After the nanoindentation tests, the sample was then soaked in EDTA for 5 
minutes and flushed with distilled water. The AFM was used again to image the 
top and bottom surfaces of dentin. Figure 4-3 shows the AFM scan of dentin at the 
top while Figure 4-4 shows the bottom of the sample. 
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4.1.2 Nanoindentation results 
The initial results were considered to be the baseline hardness and Young’s 
modulus. The Hysitron Triboscope® software automatically calculates the 
hardness and Young’s modulus of the samples. Other information such as the 
contact depth in nm, contact stiffness in µN/nm, maximum force in µN, maximum 
depth in nm as well as the contact area in nm2 can also be obtained. 
 
The calculations for the hardness and Young’s modulus were based on the area tip 
function that was input into the software. Therefore, it is essential that the tip is 
calibrated after frequent usage. Figure 4-5 shows the typical force displacement 




Figure 4-5: Typical force displacement curve for dentin 
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Even after treatment with EDTA, the force displacement curve exhibit similar 
characteristics as the baseline results. Only the experimental readings obtained are 
different. 
 










Figure 4-6: Indentation on dentin 
 
For the baseline results, the mean Young’s modulus at the bottom of the sample is 
4.81 GPa and the hardness is 0.360 GPa. For the top of the sample, the mean 
Young’s modulus is 6.91 GPa and the hardness is 0.392 GPa. 
 
After treatment with EDTA, the mean Young’s modulus at the bottom of the 
sample is 1.16 GPa and the hardness is 0.107 GPa. For the top of the sample, the 
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For a complete detail for all the individual nanoindentation results, see appendix 
C. 
 
4.1.3 Statistical results 
After treatment with EDTA, the mean Young’s modulus for the bottom surface 
decreases by 76.0% while the hardness decreases by 70.2%. For the top surface, 
the mean Young’s modulus decreases by 75.3% while the hardness decreases by 
70.4%. For detailed calculations, see appendix D.  
 
 
4.2 Discussions on the effects of EDTA 
From the AFM images shown in Figures 4-1 and 4-2, the tubules of the dentin can 
hardly be seen. This is due to the smear layer that formed during the polishing of 
the samples. The smear layer is an amorphous boundary layer containing both 
mineral and organic components of dentin [70]. In cases of contamination, a 
bacterial component is also present in the smear layer. Both images are similar 
and it is difficult to distinguish the top portion and the bottom portion due to the 
smear layer.  
 
After applying EDTA on the sample for 5 minutes, the smear layer was removed 
for both top and bottom surfaces. From Figure 4-3 and 4-4, the tubules were now 
clearly exposed. This shows that 17% EDTA is able to remove the smear layer 
after 5 minutes of application.  
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The main cause of this removal of smear layer was due to the demineralization of 
dentin. Nygard-Ostby [29] reported that with the use of 15% EDTA with an added 
detergent, there was 20-30 µm penetration by EDTA. This was shown by a zone 
of demineralization using polarized light microscopy. A 5 minutes exposure of the 
root canal to EDTA would remove the smear layer and open the dentinal tubules 
to a depth of 20-30 µm.  
 
Kawasaki et al [71] employed neutral EDTA to remove mineral from dentin and 
McComb et al [72] also states that EDTA has been used effectively to remove 
debris from root canals. 
 
Although most clinicians are aware of the effects of acid on dentin, the effects of 
EDTA on the dentin surface is not so well understood [27]. Marshall et al used 
AFM to show that the intertubular surface of dentin etched by phosphoric acid 
(3mM and 5mM) and citric acids (5mM) was smooth. However, 0.5M 17% 
EDTA treatment gave rise to intertubular dentin surfaces which was significantly 
rough.  
 
Machado-Silveiro et al [73] used spectrophotometry to evaluate in vitro the 
demineralization capability of 17% EDTA after 5, 10 and 15 minutes. It is shown 
that there is decalcifying activity that took place although there were no 
significant differences in the activity between the three time periods. 
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There are other studies regarding the smear layer removal by EDTA [71, 74-79]. 
In the past, there was no specific consensus regarding the efficacy of smear layer 
removal in the root canal treatment [75, 77, 79]. It has been suggested that 
retaining the smear layer may inhibit or delay bacterial colonization of the root 
canal by reducing permeability. However, currently, the consensus is towards the 
removal of smear layer in order to reduce the microflora and associated 
endotoxins [76]. This is also to enhance the sealing capability of obturating 
materials and decrease potential of the bacteria to survive and reproduce. 
 
Although the original study was to image the dentin again for another 5 minutes to 
see any visible changes, it was not possible as the sample became very brittle and 
breaks into pieces during handling. This study shows that dentin become much 
more brittle after application of EDTA.  
 
For the baseline nanoindentation results, it can be seen that the hardness and 
Young’s modulus of the top and bottom differs slightly. In a study by Kinney et al 
[17], the hardness and Young’s modulus for intertubular dentin are smaller nearer 
to the pulp and larger away from the pulp. The values obtained here are consistent 
with that study as the hardness and Young’s modulus of the bottom surface are 
smaller than the top surface. 
 
After treatment, the demineralization of dentin by EDTA also results in the 
decrease in hardness and Young’s modulus. This is evident from the 
nanoindentation and statistical results. The figures below gives a clearer view on 
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the effects of EDTA on the mechanical properties of dentin. Figure 4-7 shows the 
differences of the mean Young’s modulus of the top surface after treatment while 

















































Figure 4-8: Differences in hardness for top surface after EDTA treatment 
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Figure 4-9 and figure 4-10 shows the differences of their mean Young’s modulus 



















































Figure 4-10: Differences in hardness for bottom surface after EDTA treatment 
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From the graphs, it can be seen that there is a reduction in the mechanical 
properties of dentin after treatment with EDTA. From the statistical results, the 
Young’s modulus decreases by 75.3% and 76.0% for top and bottom, 
respectively. The hardness also decreases by 70.4% and 70.2% for the top and 
bottom surfaces, respectively.  
 
The main cause for this is again due to the demineralization of the dentin. As 
EDTA is a decalcifying agent, the dissolution of calcium hydroxyapatite in dentin 
exposes the organic matrix of dentin (mostly type I collagen) [80]. This could 
result in the decrease of the hardness and Young’s modulus of dentin.  
 
Saleh et al [81] used a microhardness tester with a Knoop diamond indenter to 
study the effects of EDTA on dentin. Although using different testing methods, it 
was found that the microhardness of dentin treated with EDTA had significantly 
reduced. The study also states that EDTA induces an adverse softening potential 
on the calcified components of dentin and thus reduce the microhardness of 
dentin. 
 
De-Deus et al [82] also used a microhardness test to evaluate the effect of EDTA, 
EDTAC (EDTA added to a wetting agent, Cetavlon) and citric acid, on the 
microhardness of tooth. He found that EDTA was the most effective in reducing 
dentin hardness and citric acid has the weakest effect. EDTA reacts with the 
calcium ions in the hydroxyapatite crystals and this process causes changes in the 
microstructure of dentin and changes in the calcium–phosphorus ratio. Calcium 
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and phosphorous present in the hydroxyapatite cystrals are the main inorganic 
elements of dentin. It has been indicated that microhardness determination can 
provide indirect evidence of mineral loss or gain in dental hard tissues [83]. 
Therefore, due to mineral loss, the hardness also decreases as reflected in this 
study. 
 
The application of EDTA has influenced the surface roughness as seen in from the 
AFM images. This also could further influence the nanohardness and elasticity of 
the dentin [84]. 
 
Finally, it can be seen that the reduction in hardness and Young’s modulus is 
roughly similar for the top and bottom of dentin. The reduction in mechanical 
properties should be more for the bottom than the top due to the increase in 
diameter and tubule density as the pulp is approached. However, in this 
experiment, this is only true for the hardness and not the Young’s modulus. One 
of the reasons could be the thickness of 140 µm is not significant enough to 
register such changes.  
 
These are just some suggestions on why the hardness and Young’s modulus of 
dentin decreased after treatment with EDTA. The exact mechanism by which 
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4.3 Results of the effects of NaOCl 
4.3.1 AFM images 
Figure 4-11 shows an AFM scan of dentin at the top while Figure 4-12 shows the 
bottom of the samples before any treatment with NaOCl. The images are typical 




Figure 4-11: AFM scan of dentin at the top of a sample before treatment with 
NaOCl 
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After the nanoindentation tests, the samples were then soaked in NaOCl for 1 hour 
prior to imaging. The AFM was used again to image the top and bottom surfaces 
of the samples. Figure 4-13 shows the typical AFM scan of dentin at the top while 
Figure 4-14 shows the bottom of the samples. 
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Figure 4-14: AFM scan of dentin at the bottom of the sample after treatment with 
NaOCl 
 
RESULTS AND DISCUSSION 
53 
4.3.2 Nanoindentation results 
All the specimens were initially kept in Hank’s balanced salt solution before the 
nanoindentation test to determine their baseline values for the hardness and 
Young’s modulus. Sample 1 and 3 are obtained in the labial-buccal plane while 
sample 2 and 4 are obtained in the mesial-distal plane from the same tooth. Figure 











Figure 4-15: Position of samples within tooth 
 
The force displacement curves obtained from the nanoindentation tests were 
similar to Figure 4-5. The values for the baseline hardness and Young’s modulus 
were taken. Table 4-1 shows the mean baseline Young’s modulus for intertubular 
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Table 4-1: Mean baseline Young’s modulus of dentin 
 
Bottom  Top  
Sample No 
Mean E (GPa) St Dev (GPa) Mean E (GPa) St Dev (GPa) 
1 2.63 0.68 2.61 0.51 
2 2.45 0.48 2.58 1.12 
3 2.75 0.53 4.27 2.60 
4 3.00 0.30 4.21 2.42 
 




Mean H (GPa) St Dev (GPa) Mean H (GPa) St Dev (GPa) 
1 0.167 0.055 0.193 0.114 
2 0.191 0.057 0.172 0.131 
3 0.223 0.095 0.175 0.067 
4 0.229 0.039 0.180 0.072 
 
After the baseline values for the hardness and Young’s modulus were obtained, 
the specimen is soaked in 5.25% NaOCl for 1 hour prior to testing with 
nanoindentation again. The same number of indentations was done on 
approximately the same area as before. The values for Young’s modulus and 
hardness were then recorded. Table 4-3 shows the mean Young’s modulus for 
dentin and Table 4-4 shows their mean hardness after treatment. 
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Mean E (GPa) St Dev (GPa) Mean E (GPa) St Dev (GPa) 
1 0.66 0.77 1.47 0.72 
2 1.86 0.75 2.34 0.59 
3 1.62 0.54 2.85 1.18 
4 0.89 0.40 2.74 1.75 
 




Mean H (GPa) St Dev (GPa) Mean H (GPa) St Dev (GPa) 
1 0.029 0.033 0.095 0.066 
2 0.093 0.055 0.143 0.043 
3 0.078 0.032 0.043 0.011 
4 0.036 0.014 0.062 0.018 
 
The results for the individual indentations can be found in the Appendix E. 
 
4.3.3 Statistical results 
Paired sample t-tests were done using the Minitab 14.2 statistical software. The 
Young’s modulus and hardness were compared before and after treatment with 
NaOCl. The top and bottom of the specimens were compared separately. All tests 
were done at 0.05 level of significance.  
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For the top surface of the specimens, there are significant changes in Young’s 
modulus (P=0.033) as well as the hardness (P-value=0.026) after treatment. 
Similarly, for the bottom surface of the specimens, there are also significant 
changes in the Young’s modulus (P-value=0.027) as well as the hardness (P-
value=0.005). 
 
The full results of the statistical analysis using Minitab 14.2 software can be found 
in Appendix F. 
 
4.4   Discussions on the effects of NaOCl 
From Figures 4-11 and 4-12, it can be observed that the smear layers were 
covering up the tubules. These two figures look identical and it is difficult to 
distinguish the top surface and the bottom surface due to the smear layers. Also, it 
can be seen that Figures 4-11 and 4-12 are similar to Figures 4-1 and 4-2. This 
shows that the sample preparation was similar which results in the similar 
phenomenon of the smear layers. 
 
When the samples were soaked in NaOCl for 1 hour, the smear layers for each 
sample were removed as shown in Figures 4-13 and 4-14 for both the top and 
bottom surfaces.  
 
NaOCl is known as a solution capable of modifying dentin surfaces [85-87]. It can 
dissolve proteins, and thus known as a deproteinating agent. Previously, NaOCl 
has been used to remove the organic components of biological materials [88, 89]. 
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On teeth, NaOCl solutions are used routinely to remove organic debris from pulp 
canals during endodontic therapy [70]. Additionally, in some recent studies [90, 
91], NaOCl was used on dentin to dissolve the collagen exposed by acid 
treatment. This is the reason why the smear layers were removed as smear layers 
are comprised of both organic and inorganic components. Removal of the organic 
components may also allow removal of the inorganic components. 
 
From the nanoindentation and statistical results, it can be seen that the hardness 
and Young’s modulus decreased after treatment with NaOCl for both the top and 
bottom surfaces. In this study, the Young’s modulus decreased by 9.3 to 43.8% 
for the top surface while its hardness decreased by 17.1 to 75.2%. For the bottom 
surface, the Young’s modulus decreased by 23.8 to 74.7% while the hardness 
decreased by 51.1 to 84.5% after treatment. For full calculation details, see 
appendix G. Figure 4-16 shows the differences in Young’s modulus after 


























Figure 4-16: Differences in Young’s modulus for top surface after NaOCl 
treatment 






















Figure 4-17: Differences in hardness for top surface after NaOCl treatment 
 
Figure 4-18 and figure 4-19 show the differences in the Young’s modulus and 


























Figure 4-18: Differences in Young’s modulus for bottom surface after NaOCl 
treatment 
























Figure 4-19: Differences in hardness for bottom surface after NaOCl treatment 
 
The main cause of the decrease is again due to the deproteination of the dentin. 
The action of NaOCl involves the slow dissolution of encapsulated collagen 
which leaves behind the hydroxyapatite cystals [70]. After sufficient exposure, the 
deproteination leaves behind a very brittle material. This was why the hardness 
and Young’s modulus decreased after treatment. This was also the reason why the 
some of the samples broke after treatment and further testing cannot be done. 
 
Dentin deproteination is a relatively slow process for unexposed collagen [70]. 
That is why the samples are soaked much longer, for 1 hour, compared to 
treatment with EDTA which is only for 5 minutes. 
 
NaOCl is a well-known non-specific proteolytic agent that is capable of removing 
organic material [92], as well as magnesium and carbonate ions [86]. After 
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treatment with NaOCl, these effects may cause the hardness and Young’s 
modulus of the samples to decrease. 
 
Also, from the AFM images in Figures 4-11 to 4-14, it can be seen that the surface 
roughness was altered. This alteration may also result in the changes of the 
hardness and elasticity of the dentin [84]. It is mentioned that as the surface 
roughness of a surface increases, the hardness measured at depths comparable 
with the roughness scale deviates increasingly from the actual hardness. 
 
When we compare the decrease in hardness and Young’s modulus for each 
sample individually, we can see that the decrease was more for the bottom surface 
than the top surface for almost all samples. The reasons for this could be due the 
increase in diameter and tubule density as the pulp is approached. As such, the 
bottom surface could be affected more than the top surface. 
 
Finally, when we compare the decrease in hardness in the labial-buccal plane 
(samples 1 and 3) and the mesial-distal plane (samples 2 and 4), there was not 
much difference. This shows that NaOCl treatment affects the samples equally 
and not dependent on which plane they are from. The reason is probably that the 
surfaces of the samples were all about equidistant from the pulp. 
 
Again, these are just suggestions on why the hardness and modulus of dentin 
decreased after treatment with NaOCl. The exact mechanisms by which the 
mechanical properties are affected still have to be fully understood.  
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CHAPTER 5 CONCLUSIONS 
 
It can be seen that the AFM and nanoindenter are powerful tools that can 
characterize biological samples like teeth with high precision at the nanometer 
scale. Although sample preparation, handling and testing are difficult and time-
consuming, the results can still be obtained. 
 
In this study, with the AFM, it can be seen that smear layers were formed during 
sample preparation. After application of 17% EDTA for 5 minutes, the smear 
layers were removed. Also the mean hardness and Young’s modulus decreased 
significantly from its baseline mechanical properties. The main reason for both 
behaviors is due to the demineralization of dentin by EDTA. EDTA is a 
decalcifying agent and reacts with calcium ions in the hydroxyapatite crystals. 
This process would cause changes in the microstructure of dentin and changes in 
the calcium-phosphorus ratio. This weakens the teeth and also caused it to be very 
brittle. Furthermore, the surface of the dentin was altered which could change the 
mechanical properties of dentin. 
 
It was also found in this study that application of 5.25% NaOCl for 1 hour was 
able to remove the smear layers that were formed. However, the mean hardness 
and Young’s modulus also decreased significantly from its baseline mechanical 
properties. The main cause of this would be the deproteination of dentin by 
NaOCl. The dissolution action of NaOCl removes the organic material of dentin. 
This would weaken the teeth and would cause it to be brittle. Also, the surface of 
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the dentin was affected by the application of the NaOCl. This would also affect 
the mechanical properties of dentin. 
 
In this study, it is also found that the mechanical properties decreased in all 
directions which are in the mesial-distal and labial-buccal plane. There were no 
significant differences in the decreased mechanical properties along these 2 
planes.  
 
Although the use of these irrigants has detrimental effects on its mechanical 
properties, they are still very much in use in root canal treatments. Their functions 
are very important and cannot be compromised. This study is very practical as it 
provides useful information to dentist, endodontists, oral surgeons and other 
researchers. AFM imaging and nanoindentation can be used as a standard to study 
the effects of other agents on teeth. With these techniques, the best solutions and 
treatments can be implemented and hopefully, a better replacement for these 







CHAPTER 6 RECOMMENDATIONS 
 
From the course of this study, it is observed and recommended that the following 
actions be taken to improve the study on this topic or other related areas of study.  
 
Firstly, more samples with known origin and background should be used. This can 
be very difficult as the teeth are obtained from clinics and mixed with other 
extracted teeth. Furthermore, freshly extracted samples for endodontic reasons are 
hard to get and given to us directly without any background information. 
 
Secondly, the effects of EDTA treatment following NaOCl treatment can be 
studied. In endodontics, EDTA is sometimes used after NaOCl is used as irrigant. 
In this study however, most of the samples broke after the first round of treatment. 
Their continuing effects on the mechanical properties of teeth cannot be studied. 
Different protocols like a thicker prepared sample may help. 
 
Another area that can be approached is how these irrigants affect different types 
of teeth such as molar, incisors and canines. This way, it can be known which 
types of teeth are more susceptible to these irrigants. 
 
Finally, efforts should be made to modify the nanoindentation technique to allow 
more accurate measurements of the modulus and the time-dependent plastic 
behaviour of these hard tissues. The nanoindentation test is done mainly on metals 
and ceramics that are homogenous in nature. Although the technique is applied to 
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studies on biological samples, the absolute values might not be as accurate since 
they are usually non-homogenous in nature. The holding period might not 
eliminate the effects of creep totally. A more in-depth study such as coming up 
with new mechanical models for the measurements of the nanomechanical 
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APPENDIX A CALCULATION OF HARDNESS, H 
 
Tip calibration is based on determining the area function. The assumption of this 
method is that the Young’s modulus is independent of indentation depth. Fused 
quartz with Young’s modulus of 69 GPa is used as a standard sample for 
calibration purpose. An area function relating the projected contact area (A) to the 
contact depth is obtained. For a new and ideal Berkovich tip, the projected area to 
depth is given by  
 
25.24 chA =         (A.1) 
 
However after frequent use, the ideal geometry of the tip is no longer applicable 
due to the blunting of the tip. The use of ideal geometry will overestimate the 
hardness and modulus at small depths. Therefore for a real indenter, the cross-
sectional area is represented as a function of the distance from its tip.  If this 
contact depth, ch , is obtained from the load-displacement data, the contact area, 










2 ...5.24)( cccccc hChChChChhA +++++=  (A.2) 
 
where 1C  through 8C  are constants. As seen earlier, the leading term describes the 
perfect shape of the Berkovich indenter. The other terms describes deviations 
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from the Berkovich geometry. The Triboscope® software can be used to 
conveniently fit the curve to give a good area function. 
 
The hardness, H, is then simply defined as equation A.3 
 
cA
WH max=  (A.3) 
 


















APPENDIX B CALCULATION OF YOUNG’S 
MODULUS, EM 
 
The elastic modulus can be obtained from the initial slope of the unloading curve 
(dW/dh) where it is assumed to be elastic displacement of the specimen. Analysis 
by Oliver et al [15] shows that the unloading data could be accurately defined as  
  
m
fhhW )( −= α        (B.1) 
 
where, W is the indenter load, h  the penetration depth, fh  the final unloading 
depth, α  contains geometric constants and m  is a power law exponent related to 
the geometry of the indenter.  
 
Oliver et al [15] proposed the use of the power law relation (B.1) to curve fit the 
unloading data. α , m  are constants determined from the fitting procedure. The 
initial unloading slope is found analytically by differentiating (B.1) and evaluating 
it at the maximum loading point ( maxh , maxW ). Assuming that the initial unloading 








where, β =1.034 for a triangular punch, rE  is the reduced modulus and cA  the 






π=  (B.3) 
 
where, rE , which accounts for deformation of both sample and indenter can be 







22 111 νν −+−=  (B.4) 
 
where iE =1140 GPa (diamond indenter) and iv =0.07 (diamond indenter). 





 in (B.4) tends to zero. 
Thus making Es the subject, equation (10) becomes 
 
)1( 2srs EE υ−=          (B.5) 
 
There are no experimental values for Poisson ratio of dentin and it is assumed to 
be 0.3 [93]. This means that Es = 0.91 Er Therefore, the error would be 
approximately ± 9 %. In nanoindentation tests, it is common to use Es to be 

























1) Decrease in Young’s modulus for bottom surface 
 






2) Decrease in hardness for bottom surface 
 






3) Decrease in Young’s modulus for top surface 
 






4) Decrease in hardness for top surface 
 












APPENDIX E   NANOINDENTATION RESULTS FOR 
NaOCl TREATMENT 
 































































APPENDIX F STATISTICAL RESULTS FOR NaOCl 
TREATMENT 
 
Using Minitab 13.2, all tests are done at 0.05 level of significance. 
1) Table F-1: Paired sample t- test for Young’s modulus of top surface 
 
 
 N Mean St Dev SE Mean 
Before 4 3.41750 0.95014 0.47507 
After 4 2.35000 0.62626 0.31313 
Difference 4 1.06750 0.57046 0.28523 
 
95% CI for mean difference: (0.15977, 1.97523) 
 




2) Table F-2: Paired sample t- test for hardness of top surface 
 
 
 N Mean St Dev SE Mean 
Before 4 0.180000 0.009274 0.004637 
After 4 0.085750 0.043798 0.021899 
Difference 4 0.094250 0.045683 0.022841 
 
95% CI for mean difference: (0.021558, 0.166942) 
 





3) Table F-3: Paired sample t- test for Young’s modulus of bottom surface 
 
 
 N Mean St Dev SE Mean 
Before 4 2.70750 0.23071 0.11535 
After 4 1.25750 0.57343 0.28672 
Difference 4 1.45000 0.71833 0.35917 
 
95% CI for mean difference: (0.30697, 2.59303) 
 
T-Test of mean difference = 0 (vs not = 0): T-Value = 4.04  P-Value = 0.027 
 
 
4) Table F-4: Paired sample t- test for hardness of bottom surface 
 
 
 N Mean St Dev SE Mean 
Before 4 0.202500 0.028954 0.014477 
After 4 0.059000 0.031337 0.015668 
Difference 4 0.143500 0.038957 0.019479 
 
95% CI for mean difference: (0.081510, 0.205490) 
 












1) Decrease in Young’s modulus for bottom surface for Sample 1 
 






2) Decrease in hardness for bottom surface for Sample 1 
 






3) Decrease in Young’s modulus for top surface for Sample 1 
 






4) Decrease in hardness for top surface for Sample 1 
 





5) Decrease in Young’s modulus for bottom surface for Sample 2 
 









6) Decrease in hardness for bottom surface for Sample 2 
 






7) Decrease in Young’s modulus for top surface for Sample 2 
 






8) Decrease in hardness for top surface for Sample 2 
 






9) Decrease in Young’s modulus for bottom surface for Sample 3 
 






10) Decrease in hardness for bottom surface for Sample 3 
 






11) Decrease in Young’s modulus for top surface for Sample 3 
 








12) Decrease in hardness for top surface for Sample 3 
 






13) Decrease in Young’s modulus for bottom surface for Sample 4 
 






14) Decrease in hardness for bottom surface for Sample 4 
 






15) Decrease in Young’s modulus for top surface for Sample 4 
 






16) Decrease in hardness for top surface for Sample 4 
 
= (0.180294 – 0.062483) / 0.180294 X 100% 
 
≈ 65.3% 
 
 
